In the first days of embryogenesis, transposable element-embedded regulatory sequences (TEeRS) are silenced by Kruppel-associated box (KRAB)-zinc finger proteins (KZFPs).
differences in their zinc fingerprints, the series of amino acids trios predicted to dictate the sequence specificity of their DNA binding ( Fig. 1B and fig. S1 , B and C). Only rare individuals harbor homozygous loss of function (LoF) mutations in ZNF417 or ZNF587 in the gnomAD repertoire (https://gnomad.broadinstitute.org/) (Fig. 1B) , and the two genes exhibit fairly comparable patterns of expression across tissues according to GTEX (https://gtexportal.org/) and the BrainSpan Atlas of the Developing Human Brain (human.brain-map.org), with higher levels of transcripts in adult pituitary gland, thyroid, ovary, uterus and in pre-natal compared to post-natal brain structures (Fig. 1C and fig. S1D ).
Chromatin immunoprecipitation-sequencing (ChIP-seq) of H1 hESCs overexpressing HAtagged versions of ZNF417 and ZNF587 identified 321 and 451 peaks, respectively, including 171 in common. About 85% mapped to primate-restricted LTR/ERVK, SVAs and LTR/ERV1 ( Fig. 1D and fig. S2 , A to C), amongst which 12 human-specific LTR/ERVK, and 4 out of 8 HML-2 HERVK previously noted to be polymorphic in the population (11) (table S1) . KAP1, which binds both KZFPs (fig. S2D ), and H3K9me3, the repressive mark instated by the KAP1associated histone methyltransferase SETDB1, were enriched at the PBS-coding sequence of ZNF417/ZNF587-bound LTR/ERVKs in hESCs ( fig. S2E ). Most bound ERV sequences correspond to the PBS Lys1.2 -coding region, and a highly homologous motif is found in SVA-D integrants ( Fig. 1E) . Furthermore, SMILE-seq (12) revealed that ZNF417 and ZNF587 had a higher affinity for methylated than unmethylated versions of this sequence ( fig. S2F ).
Correspondingly, these KZFPs inefficiently repressed the HERVK-R-PGK-GFP LV in hESCs depleted for the de novo DNA methyltransferases DNMT3A and 3B, although this might also reflect indirect effects ( fig. S2G ).
The knockdown (KD) of ZNF417/ZNF587 in hESC resulted in upregulating (fold change>2, FDR<0.05) 857 TEs, most notably members of the LTR/ERV1, LTR/ERVL-MalR, SVA (P<0.001, hypergeometric test) and LTR/ERVK (P=0.055) subgroups, many of which harbored a ZNF417/ZNF587 binding motif ( Fig. 2A , left) and were normally bound by KAP1 ( Fig. 2A middle) (P<0.001, one-sided Fisher's exact test). Correspondingly, TEs normally bound by these KZFPs lost H3K9me3 and gained H3K4me1 and H3K27ac and were more expressed than their unbound counterparts in knockdown ESC (Fig. 2B, top) . Expression of 854 genes was also altered ( Fig. 2A , right, and table S2), a majority upregulated (fold change>2, FDR< 0.05), some (P=0.039, one-sided Fisher's exact test) with a ZNF417/587 peak within 100kb of the transcription start site (TSS). Those within 20kb of a ZNF417/587-bound TE lost H3K9me3 and gained H4K4me1 at the TSS upon KZFP KD, but rarely displayed higher levels of H3K27Ac and transcription, consistent with a poised promoter state ( Fig. 2B , middle). In contrast, the TSS of genes induced in this setting displayed on average increased levels of H3K4me1 and H3K27ac but no change in H3K9me3 ( Fig. 2B bottom) , probably because many of these genes, including 130 interferon-sensitive genes (ISGs) and the putative targets of 31 upregulated TFs, were indirectly rather than directly controlled by the KZFPs.
Using publicly available data, we found that TE integrants bound by ZNF417/ZNF587 in hESC were induced during embryonic genome activation (EGA), repressed upon naïve-to-primed hESC conversion (Fig. 3A) , and that genes controlled by these two KZFPs were relatively more expressed during human than macaque EGA ( fig. S3A ), consistent with our recent proposal that KZFPs tame the transcriptional activity of EGA-promoting TE enhancers (8) .
ZNF417/587-targeted TEs were also more expressed in brain and testis than in other tissues ( fig. S3B ), and we found 40% of these loci to overlap with regions classified as brain and spinal cord enhancers in the EnhancerAtlas 2.0 (13) . Accordingly, several genes normally expressed in the brain stood out amongst transcriptional units upregulated in hESC depleted for ZNF417/587. For instance, AADAT, the product of which facilitates the synthesis of the neuroprotective kynurenic acid (14) , and PRODH, a gene highly expressed in the brain where it influences GABAergic neurotransmission and previously linked to schizophrenia (15, 16) , both harbor ZNF417/587-recruiting HERVKs upstream of their promoters and were markedly induced by depletion of these KZFPs (Fig. 3B) . Correspondingly, levels of ZNF417/587 transcripts anti-correlate during development and in many regions of the adult brain with those of HERVKs and PRODH ( Fig. 3C and fig. S3 , C and D).
To test functionally whether ZNF417/ZNF587-controlled TEeRS act as neuron-specific enhancers, we first used an in vitro neuronal differentiation system where the doxycyclineinducible expression of Neurogenin-1 and -2 in human induced pluripotent stem cells (iPSC) triggers their high-efficiency differentiation into bipolar neurons (17) with TEs expression tightly regulated during the differentiation process ( fig. S4A ). We perturbed this system by either decreasing (via RNA interference) or increasing (via overexpression) the levels of the two KZFPs, or by repressing some of their HERVK and SVA targets with a CRISPR-based system (CRISPRi) (18) . ZNF417/587-depleted iPSCs displayed a dysregulation of genes and TEs very reminiscent of that observed in hESCs ( Fig. 4A) . Neurons derived therefrom were characterized by the aberrant expression of non-neuronal genes (e.g. endothelium) (19) recently demonstrated to be neurotoxic in the mouse brain and upregulated in cortical and anterior horn neurons of patients with sporadic amyotrophic lateral sclerosis (ALS) (20) , we found fifteen to be targeted by ZNF417/587 and six of these to be upregulated upon ZNF417/587 KD in iPSC-derived neurons (Fig. 4D) . While ENV protein could not be easily detected in these cells, its induction was verified in NCCIT cells depleted for ZNF417/587 ( Fig. 4E) . We also observed an upregulation of the np9 and rec alternative transcripts, which encode for proteins with oncogenic potential and promoting expression of the IFITM1 antiviral factor (21) (22) (23) (24) (25) . As well, KZFP-depleted iN were characterized by the upregulation of IFNγ and ISGs such as TNF, IFITMs, APOBEC3B, IRF1, IFIH1 (a.k.a. MDA5), IFI44L, MOV10, RTP4, and Bst2 (Fig. 4, F and G and table S3) (26) . This phenomenon was only partly abrogated by inhibiting the cytoplasmic DNA sensor STING (a.k.a.TMEM173) ( fig. S4D ), suggesting that it was not just due to ERV or SVA reverse transcripts but likely to additional TE-derived products as observed in TREX1-or ADAR1-inactivated astrocytes or neuronal progenitor cells, respectively, and upon Rec overexpression or treatment with inhibitors of DNA methyltransferases (23, (27) (28) (29) (30) (31) . Reciprocally, levels of several ISG transcripts were decreased in HERVK-CRISPRi iN (Fig. 4G ) or in ZNF417/587-overepressing iPSCs ( fig.   S4E ). Finally, brain organoids derived from ZNF417/587-knockdown hESCs were smaller in size and displayed a greater abundance of PAX6-expressing immature cells than controls (Fig.   4, H and I) , as well as increased levels of LTR/ERVK, SVAs and LTR/ERV1 RNA, alterations of neurotransmitter expression profiles and an inflammatory response reminiscent of that observed in KZFP-depleted pluripotent stem cells and neuron derivatives (Fig. 4, J 
